Seed germination and subsequent seedling development are critical phases in plants. These processes are regulated by a complex molecular network in which sugar has been reported to play an essential role. However, factors affecting sugar responses remain to be fully elucidated. In this study, we demonstrate that AtIPK2, known to participate in the synthesis of myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP 6 , phytate), affects Arabidopsis responses to glucose during seed germination. The loss-of-function mutant atipk2 showed increased sensitivity to 6% glucose and paclobutrazol (PAC). Yeast two-hybrid assay showed that AtIPK2b interacts with sucrose non-fermenting-1-related protein kinase (SnRK1.1), and bimolecular fluorescence complementation (BiFC) and pull-down assay further confirmed this interaction. Moreover, AtIPK2b was phosphorylated by SnRK1.1 in vitro, and the effect of restoring AtIPK2b to yeast cells lacking IPK2 (Dipk2) was abolished by catalytically active SnRK1.1. Further analysis indicated that IP 6 reduces the suppression of seed germination caused by glucose, accompanied by altered expression levels of glucose-/hormone-responsive genes. Collectively, these findings indicate that AtIPK2b and IP 6 are involved in glucose suppression of seed germination and that AtIPK2b enzyme activity is likely to be regulated by SnRK1.1.
Introduction
Seed germination and subsequent early seedling development are essential processes in the life of flowering plants, which are known to be regulated by light anbd plant hormones (Bewley 1997 , Rognoni et al. 2007 . Sugars, such as sucrose and glucose, are not only substrates for carbon and energy metabolism but also regulatory molecules that play a critical role in seed germination process. A high concentration of sugar delays seed germination and seedling development, including cotyledon expansion and greening (Rolland et al. 2006 , Sheen 2014 . Characterization of mutants hypersensitive or resistant to a high level of sugar has revealed that many mutations are allelic to ABA-related genes. For instance, the Arabidopsis mutants gin6 and sis5 are allelic to abi4, sis4 and gin1 are allelic to aba2, and gin5 is allelic to aba3 (Zhou et al. 1998 , Arenas-Huertero et al. 2000 , Laby et al. 2000 . Gibberellins, ethylene and auxin have also been demonstrated to affect sugar responses (Steber et al. 1998 , Williams et al. 1998 , Zhou et al. 1998 , Rolland et al. 2006 . Glucose is the most conserved regulatory sugar that controls plant growth and development. Glucose signals are perceived and transduced by the glucose sensor HXK1 (hexokinase1), the energy sensor SnRK1 (SNF1-related protein kinase) and TOR (target of rapamycin) kinase. These regulators can form different protein complexes to serve distinct functions (Sheen 2014) . Thus, the detailed regulatory network in seed responses to glucose and their relationship to seed germination still deserve extensive investigation.
Inositol phosphate (IP) signaling pathways play versatile roles in cellular processes. Inositol 1,4,5-triphosphate (IP 3 ), a product of phosphatidylinositol 4, 5-bisphosphate (PIP 2 ) hydrolyzed by phospholipase C (PLC), is a molecular basis for the inositol lipiddependent myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP 6 ) biosynthetic pathway. In animal cells, IP 3 3-kinase (IP3K) and inositol polyphosphate multikinase (IPMK) phosphorylate IP 3 to produce higher inositol phosphates, whereas in plants and yeast, only inositol polyphosphate kinase (IPMK/IPK2) accounts for the phosphorylation of IP 3 (Odom et al. 2000 , Stevenson-Paulik 2002 . IPK2 is a dual 6-/3-kinase that phosphorylates IP 3 to I(1,3,4,5,6)P 5 via an I(1,4,5,6)P 4 intermediate. IPK2 also has 5-kinase activity toward I(1,3,4,6)P 4 and I(1,2,3,4,6)P 5 , generating I(1,3,4,5,6)P 5 and IP 6 (phytate). In addition to its central role in IP metabolism, IPMK/ IPK2 also participates in many other cellular processes. For example, yeast IPK2/ARG82 was initially identified as a part of transcriptional complex that controls arginine-dependent gene expression (Odom et al. 2000) . Mammalian IPMK plays a role in regulating metabolism. It also dynamically binds to AMP-activated protein kinase (AMPK) in response to glucose levels and modulates mammalian target of rapamycin (mTOR) stability to regulate energy homeostasis (Kim et al. 2011 , Bang et al. 2012 .
Two IPK2 genes are present in Arabidopsis, AtIPK2 and AtIPK2 (Stevenson-Paulik et al. 2002 , Xia et al. 2003 , EndoStreeter et al. 2012 . Overexpression of AtIPK2 in Arabidopsis leads to more axillary shoot branches, whereas trangenic AtIPK2-antisense plants display enhanced root growth (Xu et al. 2005 ). AtIPK2 is a central component of the lipid-dependent phytic acid biosynthetic route. The atipk2 mutant has a tissue-specific phenotype, showing a 35% reduction in seed phytate but no significant reduction in seedling phytate level (Stevenson-Paulik et al. 2005) . AtIPK2 is also a stress-responsive gene, as indicated by enhanced stress tolerance in transgenic tobacco overexpressing AtIPK2 (Yang et al. 2008) . Recently, it has been reported that early embryo development of the atipk2 atipk2 double mutant was aborted and enzyme activities of AtIPK2 were found to be required for pollen development, pollen tube guidance and embryogenesis (Zhan et al. 2015) . Although embryo development of both single knock-out mutants (atipk2 and atipk2) was normal, the phytate level was only reduced by 35% in atipk2 mutant, which indicates that the effect of AtIPK2 on phytate level was seed specific. In addition, mammalian IPMK physiologically binds to AMPK to regulate glucose signaling (Bang et al. 2012 ). SnRK1, the AMPK ortholog in Arabidopsis, plays a key role in plant glucose signaling and has profound effects on seed germination, vegetative growth, flowering and senescence (Baena-Gonzalez et al. 2007 , Cho et al. 2012 , Tsai and Gazzarrini 2012a , Tsai and Gazzarrini 2012b . However, little is known about the relationship between AtIPK2b and SnRK1 and the potential functions of AtIPK2 in seeds.
Inositol signaling has been associated with plant responses to glucose and hormones in previous studies. Phospholipase Da3 (PLDa3)-mediated lipid signaling plays a role in glucose response (Hong et al. 2008) . Phosphatidylinositol monophosphate-5-kinase (PIP5K9) interacts with cytosolic neutral invertase (Lou et al. 2007) . Mutants of the ATP-dependent IP 6 transporter in Arabidopsis and beans are insensitive to ABA-mediated inhibition of stomatal opening (Nagy et al. 2009 , Panzeri et al. 2011 . Recently, rice inositol polyphosphate kinase, OsIPK2, has been shown to be a putative new player in gibberellin and auxin signaling (Chen et al. 2017a , Chen et al. 2017b . Moreover, Arabidopsis 5PTase13 interacts with and physiologically regulates SnRK1 depending on the sugar status. 5ptase13 mutants were less sensitive to 6% glucose and 11% sucrose. Glucose stimulates an increase in IP 3 content in Arabidopsis (Ananieva et al. 2008, Valluru and Van den Ende 2011) . Although AtIPK2b is a central component of the IP metabolic routes in Arabidopsis, the involvement of AtIPK2 in glucose and phytohormone response remains poorly understood.
In this study, we investigated the role of AtIPK2 in plant responses to glucose during seed germination, and identified a possible regulator of AtIPK2b kinase activity. Subsequent assays verified that IP 6 reduces seed sensitivity to glucose. These results indicated that the lower level of IP 6 resulted in the enhanced sensitivity of atipk2 to 6% glucose, and the kinase activity of AtIPK2b is probably regulated by SnRK1.1.
Results
The atipk2b mutant exhibits enhanced sensitivity to 6% glucose during seedling development
As functional links between inositol and sugar signaling pathways have been demonstrated in plants (Ananieva et al. 2008, Valluru and Van den Ende 2011), we first examined the AtIPK2 transcriptional response to sugar to investigate whether AtIPK2 plays a role in sugar signaling pathway. The quantitative real-time PCR (qRT-PCR) analysis revealed suppression of AtIPK2 transcription by 6% glucose and 6% sucrose, whereas no significant changes in AtIPK2 mRNA levels were observed when seedlings were treated with sorbitol or other concentrations of glucose and sucrose (Fig. 1A) .
To assess the role of AtIPK2 in glucose responses, early seedling development of the wild type (WT) and the AtIPK2 T-DNA insertion mutant (atipk2) was examined. Germination is completed when the radicle penetrates the testa surrounding the seed (Weitbrecht et al. 2011) . No obvious difference in germination was observed on medium containing 1% or 3% sucrose or glucose ( Supplementary Fig. S1 ). High concentrations of sucrose or glucose delays seedling development, and this phenomenon has commonly been used to identify mutations with altered sensitivity to sugars (Rognoni et al. 2007 , Huang et al. 2014 . Thus, the responses of WT and atipk2 to 6% glucose or sucrose treatment were tested. The seedling development of atipk2 mutant was more sensitive to 6% glucose than that of WT (Fig. 1B) . Seed germination rates were also evaluated. Seeds were stratified at 4 C for 3 d in darkness. At 48 h after stratification, the germination rate was 71% for WT and approximately 43.5% for the atipk2 mutant on 6% glucose, whereas the two types of seeds germinated at the same rate on half-strength Murashige and Skoog (1/2 MS) plates containing 0.2% glucose (Fig. 1C) . In the presence of 6% sorbitol, a non-metabolizable sugar causing constant osmotic stress, no obvious difference in seedling development between WT and atipk2 mutant was observed. Moreover, the cotyledon expansion percentage for atipk2 mutant was lower than that for WT after treatment with 6% glucose. When seeds were grown for 60 h on 1/2 MS medium containing 6% glucose, WT expanded 89% of its cotyledons but atipk2 mutant only expanded 56% of its cotyledons (Fig. 1D) . The atipk2 mutant also exhibited lower rates of germination than WT when grown on medium supplemented with 6% sucrose ( Supplementary  Fig. S1 ).
To confirm that the observed glucose sensitivity was caused by mutation in AtIPK2 gene, we used the complemented transgenic lines in atipk2 mutant background which was originally described by Zhan et al (2015) . The levels of AtIPK2 expression in WT, atipk2 and AtIPK2-complemented lines were assessed by qRT-PCR (Fig. 1E) . Transgenic line 1 (AtIPK2 com1) was selected for further analysis because the level of AtIPK2 mRNA was 2.5-fold higher than that of WT. AtIPK2-com1 exhibited a similar phenotype and germination rate as WT (Fig. 1B, C) .
The atipk2b mutant seeds showed decreased germination in response to the gibberellin biosynthesis inhibitor paclobutrazol Associations between glucose and hormone signaling pathways during seedling development have been extensively documented (Rognoni et al. 2007 ). Thus, to better understand the function of AtIPK2 in seed germination, its role in hormone responses was also explored. When seeds were sown on 1/2 MS plates containing 0, 0.3, 1.2, 2.5 and 5 mM ABA, the germination of WT, atipk2 and AtIPK2 com1 seeds were delayed, but with no obvious differences among them ( Fig. 2A, B) . This result indicated that AtIPK2 loss of function may not cause an altered ABA response of the seeds and that the enhanced sensitivity of atipk2 to 6% glucose is not likely to be due to ABA responsiveness.
As gibberellin signaling is known to mediate seed germination (Peng and Harberd 2002) , further experiments were performed to examine the responses of WT, atipk2 and AtIPK2 com1 seeds to paclobutrazol (PAC), which is an inhibitor of gibberellin biosynthesis. At a concentration of 3 mM PAC, the Fig. 1 The atipk2 mutant shows enhanced sensitivity to 6% glucose. (A) qRT-PCR analysis of AtIPK2 expression in response to glucose, sucrose and sorbitol. Two-week-old WT seedlings grown on a 1/2 MS low-glucose (0.2%) plate were transferred to 1/2 MS liquid medium containing glucose, sucrose or sorbitol, and allowed to grow for 25 h. The fold changes of gene expression levels are shown relative to the transcripts of WT seedlings in 0.2% glucose. The experiment was repeated three times. Asterisks indicate statistically significant differences between seeds with 0.2% glucose and the indicated treatment (*P < 0.05, **P<0.01; Student's t-test). (B) Phenotypes of WT, atipk2 and AtIPK2 com1 seedlings on 1/2 MS medium supplemented with glucose or sorbitol. The atipk2 mutant exhibited enhanced sensitivity to 6% glucose. Images were taken at 96 h after stratification. The experiments were independently repeated three times. AtIPK2 com1: AtIPK2b complemented line 1. (C) Germination rates of WT, atipk2 and AtIPK2 com1 seeds on 1/2 MS medium containing 0.2% glucose, 6% glucose or 6% sorbitol. Each point represents the mean ± SD of three biological replicates (n >200 for each experiment). Asterisks indicate statistically significant differences compared with the WT (*P < 0.05, **P < 0.01; Student's t-test). (D) Cotyledon expansion rates of WT, atipk2 and AtIPK2 com1 seeds under the indicated conditions for 60 h after stratification. The data represent means ± SD of three biological replicates (n > 200 for each experiment). Asterisks indicate statistically significant differences compared with WT (*P < 0.05; Student's t-test). (E) qRT-PCR analysis of AtIPK2 transcript in 7-dayold seedlings of WT, atipk2, AtIPK com1 and AtIPK2 com2. The fold changes of gene expression levels are shown relative to the transcripts of WT seedlings. The data represent means ± SD of three independent experiments. Asterisks indicate statistically significant differences compared with atipk2 (**P < 0.01; Student's t-test). AtIPK2 com: AtIPK2 complemented line. germination rates of WT, atipk2 and AtIPK2 com1 seeds were 14, 2.5 and 15%, respectively ( Fig. 2B) , which indicated that the timing of germination of atipk2 seeds was more sensitive to PAC than that of WT seeds.
AtIPK2b interacts with SnRK1.1
Our data indicate that AtIPK2 affects plant responses to phytohormones and glucose. Previous studies have demonstrated that mammalian IPMK binds to AMPK and regulates its activity (Bang et al. 2012) , and SnRK1, the AMPK ortholog in Arabidopsis, is known as a master regulator in metabolism and glucose signaling (Polge and Thomas 2007, Sheen 2014) . The protein kinases SNF1 (sucrose non-fermenting 1), AMPK and SnRK1 (SNF1-related protein kinase) are evolutionarily conserved sensors that regulate metabolic and carbon partitioning processes Hardie 1998, Sheen 2014) .
To better understand the role and regulation of AtIPK2b, we examined the relationship between AtIPK2b and SnRK1. Two genes, SnRK1.1 (At3G01090) and SnRK1.2 (At3G29160) (also known as AKIN10 and AKIN11), encode the catalytic subunits of SnRK1 (Halford and Hardie 1998) . We verified the interaction between AtIPK2b and SnRK1 using a yeast two-hybrid system. As shown in Fig. 3 , yeast diploid cells formed by mating the Y2HGold (pGBKT7-AtIPK2b) strain with the Y187 (pGADT7-SnRK1.1) or Y187 (pGADT7-SnRK1.2) strain were able to grow on SD/-Ade/-His/-Leu/-Trp (QDO) medium, metabolize X-aGal and resist the toxic drug aureobasidin A (Fig. 3A, B) .
Because SnRK1.1 is the major SnRK1 isoform (Jossier et al. 2009 ), we focused on the interaction between SnRK1.1 and AtIPK2b. We first performed bimolecular fluorescence complementation (BiFC) experiments in Agrobacterium-infiltrated tobacco leaves. Green fluorescent protein (GFP) signals were observed in tobacco leaves when nGFP-AtIPK2b was co-transformed with cGFP-SnRK1.1, but no GFP signal was detected when nGFP-AtIPK2b was co-transformed with cGFP, indicating that AtIPK2b interacts with SnRK1 in vivo (Fig. 3C) . To better study the distribution of GFP fluorescent signals, red fluorescent protein (RFP) fused to the nuclear localization signal was used as a marker. The results showed that the GFP fluorescence was distributed in the cytoplasm and also co-localized with the nuclear marker (Fig. 3C) .
Then, the interaction between SnRK1.1 and AtIPK2b was confirmed by in vitro pull-down. The purified recombinant proteins were first identified by His or glutathione S-transferase (GST) antibody ( Supplementary Fig. S2C ). The pull-down results showed that GST-tagged SnRK1.1 was able to pull down His-tagged AtIPK2b (Fig. 3D) , while GST was not. To further identify the AtIPK2b-binding domain within SnRK1.1, we divided SnRK1.1 into two parts according to its assigned domains ( Supplementary Fig. S2B ): an N-terminal region (residues 1-341) and a C-terminal region (residues 342-408). A yeast two-hybrid assay revealed that SnRK1.1 interacts with AtIPK2b, primarily via the C-terminal region ( Supplementary  Fig. S2C ).
AtIPK2b is phosphorylated by SnRK1.1 SnRK1.1 is an evolutionarily conserved serine/threonine protein kinase (Halford and Hardie 1998) , thus we investigated whether SnRK1.1 could phosphorylate AtIPK2b in vitro. The SAMS peptide (HMRSAMSGLHLVKRR), a specific substrate for SnRK1.1, was used as a positive control (Sugden et al. 1999 ). An upstream activating kinase, GST-GRIK1, was used to activate SnRK1.1 in Fig. 2 Responses of the atipk2 mutant to ABA and PAC. (A) The germination rates of WT, atipk2 and AtIPK2 com1 seeds treated with 0, 0.3, 1.2, 2.5 and 5 mM ABA at 36 h (n > 100 for each experiment). (B) The germination rates of WT, atipk2 and AtIPK2 com1 seeds treated with 2.5 mM ABA (n > 100 for each experiment). (C) The germination rates of WT, atipk2 and AtIPK2 com1 seeds in 1/2 MS medium (1% sucrose) containing 0, 3, 6 and 10 mM PAC at 18 h. An asterisk indicates a significant difference compared with the WT (n > 100 for each experiment; *P < 0.05, Student's t-test). (D) The germination rates of WT, atipk2 and AtIPK2 com1 seeds in 1/2 MS medium (1% sucrose) containing 3 mM PAC + 1 mM gibberellin at 18 h (n > 100 for each experiment).
kinase assays (Shen et al. 2009 , Lin et al. 2015 . In addition, to determine the residue phosphorylated by SnRK1.1, we analyzed the protein residues of AtIPK2b, revealing that Ser221 matches the SnRK1.1 consensus phosphorylation site ( Supplementary  Fig. S3 ). Accordingly, AtIPK2b mutant protein, AtIPK2b S221A , in which Ser221 was replaced with an alanine to abolish phosphorylation, were also included. Recombinant His-AtIPK2b, His-AtIPK2b S221A and GST-SAMS proteins were separately incubated with GST-tagged GRIK1 and SnRK1.1 proteins. As shown in Fig. 4 , autoradiography showed that phosphorylated proteins corresponding to His-AtIPK2b were clearly observed. However, the S221A mutation did not change the level of AtIPK2b phosphorylation, suggesting that Ser221 may not be the only phosphorylation site in AtIPK2b. In the absence of SnRK1.1, only a radiolabeled band for GRIK1 autophosphorylation was detected, indicating that AtIPK2b is a potential substrate of SnRK1.1, and that GRIK1 alone is unable to phosphorylate AtIPK2b.
AtIPK2b is inhibited by SnRK1.1 phosphorylation in yeast
To study the role of AtIPK2b phosphorylation by SnRK1.1, we investigated whether AtIPK2b enzyme activity is altered by SnRK1.1. Compared with WT Saccharomyces cerevisiae BY4741, the yeast ipk2 mutant (Dipk2) exhibits blocked IP production, slowed growth at 30 C and cannot grow at 37 C (Odom et al. 2000) . Expressing either IPK2 or AtIPK2 in Dipk2 can rescue IP production and growth defects of the Dipk2 strain at 37 C, whereas their inactive forms cannot (Odom et al. 2000 , Stevenson-Paulik et al. 2002 . Therefore, such a functional complementation system was used to investigate regulation of IP kinase activity (Resnick et al. 2005) . We also used such a heterologous system to determine whether SnRK1.1 directly affects AtIPK2b enzyme activity. In initial experiments, we tested the ability of IPK2 and AtIPK2b and their catalytically altered mutants to rescue the growth defects of Dipk2 (Fig. 5A) . Two kinase-dead mutants (AtIPK2b D100A and AtIPK2b D100A K102A ) and a reduced 3-kinase activity mutant (AtIPK2b K119A K123W ) were generated (Endo-Streeter et al. 2012 , Zhan et al. 2015 . As expected, AtIPK2b reversed the growth defects of the Dipk2 strain, but the kinase activity altered mutants did not (Fig. 5B) , indicating that the enzyme activities of AtIPK2b are essential for complementation of the Dipk2 strain at a higher temperature. To examine the influence of SnRK1.1 on AtIPK2b kinase activity, AtIPK2b and SnRK1.1 or SnRK1.1 K48A (an SnRK1.1 kinase-dead mutant) were co-expressed in Dipk2, which resulted in SnRK1.1-mediatd inhibition of temperature sensitivity complementation by AtIPK2b (Fig. 5C). Additionally, SnRK1.1 or SnRK1.1 K48A alone had no effect on the growth of Dipk2 cells ( Supplementary Fig. S4 ), and the mutation K48A in SnRK1.1 did not abolish the interaction between SnRK1.1 and AtIPK2b ( Supplementary Fig. S2C ). These results suggested that the restoration of IP production by AtIPK2b in Dipk2 is repressed by catalytically active SnRK1.1.
The enhanced glucose sensitivity of the atipk2b mutant results from decreased IP 6 accumulation IP 6 is an important form of phosphorus storage in plant seeds, and it supports germination and seedling development (Raboy 2001) . IP 6 level in atipk2 seeds is 35% lower than in WT (Stevenson-Paulik et al. 2005) . It was therefore important to test whether the observed glucose sensitivity of atipk2 is associated with IP 6 . In contrast to IP 6 , inositol and phosphate can be freely absorbed by plants (Mitsuhashi et al. 2005 , Murphy et al. 2008 , Nagy et al. 2009 ), thus to examine their effectiveness in germinating seeds, we measured the levels of IP 6 in seeds germinating on 6% glucose with or without inositol/Pi by HPLC. Before germination, the IP 6 level in stratified WT seeds is 5.75 nmol mg
À1
, but it is almost undetectable in atipk2. After germinating for 30 h on 6% glucose, IP 6 is almost undetectable in both WT and atipk2 seeds. However, the IP 6 level is 3.98 and 2.66 nmol mg À1 on 6% glucose + inositol, and 2.87 and 4.38 nmol mg À1 on 6% glucose + Pi, respectively, in WT and atipk2 seeds (Table 1; Supplementary Fig. S5 ). This indicated that IP 6 is hydrolyzed during the course of Arabidopsis seed germination, and that feeding inositol or Pi is an effective method of restoring IP 6 synthesis.
To test whether the observed glucose sensitivity of atipk2 is associated with IP 6 , we performed seed germination experiments on 1/2 MS medium containing 6% glucose and inositol or Pi. Phenotypic analysis showed that inositol or Pi supplementation rescues the glucose-delayed seedling development (Fig. 6A) . Germination rates were also scored for WT, atipk2 and AtIPK2 com1 in response to 6% glucose or a combination of 6% glucose and inositol or Pi (Fig. 6B) . For example, after the plates were transferred to light for 60 h, the germination rates of WT, atipk2 and AtIPK2 com1 were 77, 82 and 86%, respectively, on medium with 6% glucose and inositol; in contrast, germination rates were 57, 32.5 and 61%, respectively, on 6% C in a kinase activity-dependent manner. The yeast strain Dipk2 was transformed with the indicated recombinant plasmids. The Dipk2 strain expressing an IPK2 catalytically inactive mutant (IPK2 D131A ) served as a negative control. (C) Complementation of AtIPK2b to Dipk2 was prevented by SnRK1.1. The Dipk2 strain was co-transformed with the indicated pYES2 and p425Gal expression plasmids. AtIPK2b, IPK2 and their kinase activity-altered variants were expressed from the pYES2 plasmid; SnRK1.1 and SnRK1.1 K48A were expressed from the p425Gal plasmid. Yeast cells expressing the indicated proteins were spotted in 10-fold serial dilutions onto synthetic complement (SC) medium containing 2% galactose. For each experiment, two parallel plates were incubated, one at 30 C and one at 37 C for 36 h. The experiments were independently repeated three times. Fig. 4 Phosphorylation of AtIPK2b by SnRK1.1 in vitro. An autoradiograph (top panel) of the phosphorylation assay proteins and the corresponding Coomassie Blue-stained SDS-polyacrylamide gel (10% acrylamide) (bottom panel). Ser221 was the putative SnRK1.1 target site, which was shown to be not the sole phosphorylation site. GST-GRIK1 was used to activate SnRK1.1 in kinase assays. Both GRIK and SnRK1.1 are needed for the phosphorylation of AtIPK2b in vitro kinase assays. The SAMS peptide is a sensitive substrate for SnRK1 kinase, which was used as a positive control. The presence or absence of each purified protein in kinase reaction buffer is shown as + or -.
glucose. When 6% glucose and Pi were supplied, 84, 86 and 83% of the WT, atipk2 and AtIPK2 com1 seeds germinated at 60 h, respectively. Since feeding inositol or Pi to germinating seeds could restore the levels of IP 6 , these results suggested that IP 6 antagonizes the glucose-mediated suppression of seed germination, and the hypersensitivity of atipk2 seeds to 6% glucose occurs partly due to the lower level of IP 6 .
IP 6 affects glucose-responsive genes and gibberellin biosynthesis genes
To further examine the role of IP 6 in glucose response, we analyzed the expression levels of sugar-responsive genes in germinating seeds. Sugar response pathways include the SnRK1 pathway (TPS1, SnRK1.1, bZIP11 and RPL1), the hexokinase-independent pathway (RGS1) and the hexokinase-dependent pathway (HXK1) (Baena-Gonzalez et al. 2007 , Jossier et al. 2009 , Huang et al. 2014 ). In the presence of 6% glucose, TPS1, SnRK1.1 and bZIP11 expression was inhibited in WT, whereas simultaneous treatment of glucose and inositol or Pi induced TPS1 and SnRK1.1 expression, and relieved the glucose-inhibited bZIP11 expression. In addition, the inhibition of RPL1 and RGS1 expression by 6% glucose in WT seeds was pronounced by 6% glucose + inositol/Pi, and the transcript level of HXK1 was down-regulated by 6% glucose + inositol/Pi (Fig. 7A) . These results suggested that IP 6 content affects the expression of glucose and gibberellin-responsive gene.
AtIPK2 is involved in the gibberellin response, thus we subsequently also investigated the expression of gibberellin biosynthesis and signaling genes (GA3ox1 and SLY1) in WT and atipk germinating seeds on 1/2 MS medium containing PAC with or without inositol/Pi. GA3ox1 showed a higher induction in the atipk2 than in WT seeds, which is perhaps due to feedback Fig. 6 Glucose-delayed seed germination can be rescued by IP 6. (A) Phenotypes of WT, atipk2 and AtIPK2 com1 seeds sown on 1/2 MS plates supplemented with 6% glucose or a combination of 6% glucose and inositol or Pi. Inositol and Pi antagonized glucose-mediated suppression of seed germination. Images were taken at 96 h after stratification. The experiments were independently repeated three times. (B) Germination rates of WT, atipk2b and AtIPK2b com1 seeds treated with 6% glucose or a combination of 6% glucose and inositol or Pi. Each point is the mean ± SD of three biological replicates (n > 100 for each experiment). regulation of gibberellin biosynthesis (Dai et al. 2007 ). Moreover, the up-regulated expression level of GA3ox1 by PAC was reduced by the combination treatment of PAC and inositol or Pi in both WT and atipk2 seeds. Similarly, gibberellin decreased PAC-induced expression of GA3ox1 (Fig. 7B ). However, the expression level of SLY1 was not significantly affected by AtIPK2 and IP 6 . GA3ox1 (GA4) is involved in gibberellin synthesis (Williams et al. 1998) , and SLY1 involved in gibberellin signaling (Steber et al. 1998 ). These results suggested that exogenously applied inositol, Pi and AtIPK2 may affect gibberellin biosynthesis during seed germination.
Discussion
IP signaling plays versatile roles in cellular processes. Arabidopsis AtIPK2b protein has been demonstrated to possess inositol phosphate kinase activity (Stevenson-Paulik et al. 2002 , Xia et al. 2003 . In addition to the important role in synthesis of IPs, AtIPK2 has been shown to play essential roles in auxiliary shoot branching, abiotic stress responses, root growth and plant sexual reproduction , Yang et al. 2008 , Zhan et al. 2015 . In this study, our results identified a novel role for AtIPK2 in plant responses to glucose and hormone.
Although extensive interactions between sugar and phytohormone signaling pathways have been revealed, the atipk2 mutant exhibited WT responses to ABA. Some previously identified sugar response mutants also exhibit a WT response to ABA or gibberellin (Li et al. 2013 , Huang et al. 2014 . In addition to the important roles in IP biosynthesis, inositol phosphate kinases play essential roles during development Yang 2005, Monserrate and York 2010) . Whether the catalytic activities or IPs are required for inositol phosphate kinase functions has long been elusive. In mammals, IPMK regulates the amino acid-induced mTOR complex 1 (mTORC1) signaling independently of its kinase activity, whereas its catalytic activity mediates insulin-dependent mTOR complex 2 (mTORC2) activation (Kim et al. 2011) . Yeast IPK2/Arg82 controls arginine-responsive genes, which does not require IP synthesis (Bosch and Saiardi 2012) . Recently, the enzyme activities of AtIPK2 were found to be involved in plant reproduction (Zhan et al. 2015) .
Here, we demonstrated that IP 6 affects the involvement of AtIPK2 in plant responses to glucose. Although the reduced IP 6 accumulation in atipk2 mutant seeds affects its responses to 6% glucose during seed germination and early seedling development, the phytate level in atipk2 mutant seedlings was normal compared with WT, indicating that after the transition Fig. 7 Expression of sugar-related genes and gibberellin biosynthesis genes is affected by IP 6 . (A) qRT-PCR analysis of the expression of sugarregulated genes in WT and atipk2. Seeds were sown on low glucose (0.2%) medium, 6% glucose, 6% glucose + inositol and 6% glucose + Pi for 30 h. The fold changes of gene expression levels are shown relative to the transcripts from seeds in 0.2% glucose. The data represent means ± SD of three independent experiments. Letters indicate statistically significant differences between seeds with 6% glucose and 6% glucose + inositol/ Pi treatment. Different letters represent statistically differences. (a, P < 0.01; b, P < 0.05; Student's t-test). (B) The effects of IP 6 on the expression of gibberellin signaling-component genes. Seeds were sown on 1/2 MS medium containing PAC, PAC + inositol/Pi/GA or not. The data represent means ± SD of three replicates. The fold changes of gene expression levels are shown relative to the transcripts from seeds on 1/2 MS medium. Letters indicate statistically significant differences between seeds with PAC and PAC + inositol/Pi treatment.
from dependence on seed reserves to autotrophic growth, AtIPK2 and AtIPK2 play a redundant role in phytate production in seedlings (Stevenson-Paulik et al. 2005) . Here, only seed germination and subsequent early seedling development were affected in atipk2 mutant. IPs are important signaling molecules involved in a large variety of cellular processes (Valluru and Van den Ende 2011) . For example, IP 6 and IP 5 have been identified as co-receptors of the auxin receptor complex (TIR1-AUX/IAA) and jasmonate receptor complex (COI1-JAZ) (Tan et al. 2007 , Sheard et al. 2010 . Inositol pyrophosphate InsP 8 also showed high affinity binding to COI1-JAZ (Laha et al. 2015) . IP 6 , as an important form of phosphorus in plant seeds, accounts for >1% of the dry weight and is involved in seed germination and oxidative stress (Stevenson-Paulik et al. 2005 , Doria et al. 2009 ). Here, we showed that exogenously applied inositol or Pi restored IP 6 synthesis in WT and atipk2 (Fig. 6) . Our results suggested that IP 6 breakdown is important for germination and early seedling development. There is a possibility that feeding inositol and Pi may provide the same nutrients as mobilizing IP 6 . Therefore, the specific function of IP 6 deserves to be investigated. In addition, phytate is a strong chelator of positively charged cations, resulting in the formation of phytin, an antinutrient for humans and other monogastric animals, and undigested phytin is excreted causing phosphate-related pollution. Although developing low-phytic acid crops by genetic engineering is a strategy for improving grain nutrition and combating environmental pollution, negative effects such as lower dry seed weight, decreased seed germination rate, blocked seedling growth and altered metabolite profile have been observed (Raboy 2001 , Doria et al. 2009 , Zhao et al. 2016 . Here, our results indicated that the atipk2 low-phytic acid mutant is hypersensitive to 6% glucose.
A previous study in humans has revealed that IPMK has a central role in energy homeostasis through regulating glucose signaling to AMPK (Bang et al. 2012) . In plant glucose signaling networks, SnRK1 is an energy sensor and a master regulator (Rolland et al. 2006 , Rodrigues et al. 2013 , Sheen 2014 . Here, we explored the interactions between AtIPK2b and SnRK1.1. We found that AtIPK2b interacts with SnRK1.1 and thus build up a linkage between them. Transgenic Arabidopsis plants overexpressing SnRK1.1 (35S:SnRK1.1) exhibit a glucose-hypersensitive phenotype characterized by delayed germination and seedling development compared with WT. However, it has also been shown that no significant difference in SnRK1.1 kinase activity was observed in leaves of seedlings transferred onto 1/2 MS medium with or without 2.5 or 10 mM ABA (Jossier et al., 2009) . Interactions between IP metabolism and ABA signaling have previously been revealed. ABA signal transduction in barley aleurone is mediated by PLD activity (Rithie and Gilroy 1998, Rithie and Gilroy 2000) . Here, although SnRK1 could interact with AtIPK2b, the atipk2 mutant exhibited WT responses to ABA. Similar results were shown in our recent research, which may be caused by the redundancy of AtIPK2 (Wang et al. 2017) . Moreover, AtIPK2b possibly participates in SnRK1.1 kinase activity-dependent signaling pathway. Little is known about how AtIPK2b is regulated. Phosphorylation is an important mode of post-translational modification. Moreover, functional complementation tests in yeast showed that SnRK1.1 represses AtIPK2b enzyme activity. Because the SNF1/AMPK/SnRK1 kinases are conserved master regulators in other eukaryotes (Polge and Thomas 2007) , our model is that AtIPK2b kinase activity is inhibited by catalytically active SnRK1.1 during seed germination and early seedling development.
As previously reported, SnRK1.1 plays a convergent role in the glucose signaling network, and regulates metabolism, starch synthesis, cotyledon growth and embryo symmetry in Arabidopsis (Baena-Gonzalez et al. 2007 , Polge and Thomas 2007 , Sheen 2014 . bZIP11 has been identified as a target gene of SnRK1.1, which also participates in inositol and sugar network (Ma et al. 2011) . The transcriptional level of bZIP11 decreased in WT but did not change in atipk2 mutant when treated with 6% glucose (Fig. 7A) . It also has been reported that trehalose 6-phosphate (T6P) mediates regulation of metabolism and growth mostly through inhibition of SnRK1.1, and AtTPS1-mediated T6P synthesis is essential for embryogenesis and the responsiveness to ABA in seed germination (Zhang et al. 2009 , Gómez et al. 2010 . Moreover, bZIP11 functions in the network including T6P and SnRK1.1 (Ma et al. 2011) . Thus, AtIPK2b is likely to be involved in the T6P-SnRK1.1-bZIP11 regulator pathway.
In conclusion, our study revealed that AtIPK2 affects the Arabidopsis response to glucose via IP 6 which antagonizes glucose suppression of seed germination, linking IP signaling with glucose responses. In particular, the molecular interactions between AtIPK2b and SnRK1.1 suggest that AtIPK2b may be a substrate of SnRK1.1 during glucose-delayed seed germination and early seedling development.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as WT in these experiments. The T-DNA insertion line atipk2 (SALK_104995) and the complementation lines used in this study were described previously , Zhan et al. 2015 .
Arabidopsis seeds were surface sterilized with 75% ethanol for 5 min, washed five times with sterile water, and then plated on 1/2 MS medium (PhytoTechnology). Seeds were stratified at 4 C for 3 d in darkness. For seedling transfer experiments and phytohormone response assays, seeds were grown in a growth chamber with approximately 100 mmol m À2 s À1 illumination, and the temperature was 23 C/21 C during the 16 h light/8 h dark cycle. For glucose response assays, surface-sterilized seeds were germinated at 23 C under constant light as described (Huang et al. 2014 ).
Seed germination
The seeds used for germination experiments were obtained from plants grown in a culture room with a 16 h light/8 h dark regime and seeds were harvested at the same time. Desiccated seeds were stored at 4 C for 3 months to release dormancy. For glucose response assays, surface-sterilized seeds were sown on 1/2 MS medium supplemented with 0.2% glucose, 6% glucose or 6% sorbitol. Seeds were also sown on 1/2 MS medium containing a combination of 6% glucose and Pi (1 mM KH 2 PO 4 ) or inositol (100 mg l
À1
) to determine the effect of IP 6 on glucose-delayed seed germination. For phytohormone response assays, seeds were germinated on normal 1/2 MS medium containing 1% sucrose. (±)-ABA (Sigma, A1049), PAC (Sigma, 46046) or GA 3 (Sigma, G7645); inositol or Pi was added to medium for the designated experiments. For both ABA and gibberellin, ethanol was used as a solvent. Germination was defined as visible radicle protrusion from the seed coat, and it was recorded every 6 h after the plates were transferred to light. Cotyledon expansion was scored as described (Laby et al. 2000) .
Yeast two-hybrid assay
Yeast two-hybrid assay was performed according to the Mathmaker TM Gold Yeast Two-Hybrid System (Clontech) User Manual. The coding sequences of SnRK1.1 and SnRK1.2 were amplified using the primer pairs listed in Supplementary Table S1 , and then cloned into prey vector pGADT7. The PCR product of full-length AtIPK2 coding sequence was cloned into a bait vector pGBKT7. The plasmids pGBKT7, pGBKT7-AtIPK2b and pGBKT7-53 were each transformed into the Y2HGold strain, while plasmids pGADT7, pGADT7-SnRK1.1 and pGADT7-T were transformed into Y187. Diploids formed by mating Y2HGold (pGBKT7-AtIPK2b) with Y187 (pGADT7-SnRK1.1) or Y187 (pGADT7-SnRK1.2) were plated on SD/-Leu/-Trp (DDO), SD/-Ade/-His/-Leu/-Trp (QDO) and SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA (QDO/X/A) media to identify protein interaction.
BiFC assay
The full-length SnRK1.1 and AtIPK2 CDS (coding sequence) were each constructed into BiFC vectors (Wang et al., 2017) . RFP fused to the nuclear localization signal was used as a marker. The recombinant plasmids were transformed into Agrobacterium strain GV3101. Then, 4-week-old tobacco leaves were infiltrated with different combinations of Agrobacterium cells containing fusion constructs. Fluorescence of tobacco leaves infiltrated with Agrobacterium was analyzed after 3-4 d by confocal microscopy.
Recombinant protein expression and purification
For protein expression, the SnRK1.1 PCR fragment was cloned into pEGX-6P-1. The coding sequences of full-length AtIPK2 and AtIPK2 S221A were cloned into pET32a. Recombinant proteins GST-SnRK1.1, GST-GRIK1, GST-SAMS, HisAtIPK2b and His-AtIPK2b S221A were expressed in Escherichia coli strain BL21 (DE3) induced by 0.1 mM isopropyl-b-D-thiogalactoside (IPTG) for 8 h at 16 C. GST-fused and His-fused proteins were purified with Glutathione Sepharose TM 4B and Ni Sepharose TM 6 Fast Flow (GE Healthcare) separately according to the manufactures instruction.
Pull-down assay
A 20 mg aliquot of purified bait proteins GST-SnRK1.1, GST or His-AtIPK2b was incubated with 25 mg of His-AtIPK2b or GST-SnRK1.1 in 200 ml of binding buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% Triton X-100, 10% glycerol) overnight at 4 C. A 20 ml volume of Glutathione Sepharose TM 4B beads or Ni Sepharose TM 6 Fast Flow were used to conjugate with GST tag or 6ÂHis tag for 4 h at 4 C. Beads were washed four times with 500 ml of washing buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% Triton X-100, 10% glycerol) after being collected by centrifugation at 700Âg for 2 min. Bead-protein conjugates were separated by 12% SDS-PAGE and detected by anti-His or anti-GST antibody.
In vitro kinase assay
In vitro kinase assay was performed as previously described with some modification (Shen et al. 2009 ). Approximately 2 mg of purified GST-GRIK1, 4 mg of GST-SnRK1.1 and 5 mg of either GST-SAMS, His-AtIPK2b or His-AtIPK2b S221A were incubated in 25 ml of reaction buffer {50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM ATP, 1 mM dithiothreitol (DTT), 1Â phosphatase inhibitor (Roche), 5 mCi of [g-32 P]ATP} at 30 C for 45 min. The reaction was stopped by 6Â SDS loading buffer. After boiling at 95 C for 5 min, the proteins were separated on a 10% SDS-polyacrylamnide gel. Radioactive signals were collected by phosphor screen and revealed by a laser scanner (Typhoon 9200, GE Healthcare). The gel was also stained with Coomassie Brilliant Blue R-250.
Yeast complementation assay
The yeast IPK2 deletion strain (Dipk2) and WT strain BY4741 were used previously (Xia et al. 2003) . The yeast Dipk2 strain transformed with expression plasmid was plated on synthesis complement medium (SC) containing 2% glucose at 30 C, and the absence of uracil or leucine in the medium ensured the maintenance of pYES2 or p425Gal recombinant expression plasmids. For complementation experiments, various yeast transformants were cultured in liquid medium overnight at 30 C to mid-logarithmic phase, and then 4 ml aliquots of each dilution were spotted on SC medium containing 2% galactose. Identical plates were incubated at 30 or 37 C for 36 h.
IP 6 measurement
Surface-sterilized seeds were sown on 1/2 MS medium containing 6% glucose or a combination of 6% glucose and inositol or Pi. After stratification, the seeds were germinated for 30 h before analysis. The seeds stratified for 3 d on 6% glucose were collected as for the germination sample. IP 6 was extracted in 0.6 M HCl following the method described previously and concentrated by anion exchange resin (AG 1-X8, 200-400 mesh, Bio-Rad) (Nunes et al. 2006 ). The analysis of IP 6 was performed with an HPLC system (Agilent 1100) with a reverse C18 column and a refraction index detector (Nunes et al. 2006) . A standard curve was constructed from IP 6 concentrations of 2, 4, 6, 8, 10, 12 and 14mg ml
À1
. By comparison of peaks of different samples with standard curve, the concentrations of IP 6 were determined.
RNA extraction and real-time PCR analyses
Total RNA was isolated using TransZol (TransGen Biotech) and treated with RNase-free DNase I (Invitrogen) according to the manufacturer's instructions. First-strand cDNA was synthesized using M-MLV RT (Promega) and Oligo(dT) primers (TransGen Biotech). qRT-PCR was performed using SYBR Green Realtime PCR Master Mix (Toyobo) with the primers listed in Supplementary Table S1 using an ABI StepOnePlus machine (Applied Biosystems). The transcript level of eIF4A1 was used as an internal control (Cho et al. 2012) . Relative transcript levels are presented as ÁÁCt.
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